Abstract: Due to the slim hole at the lower part of the ultra-deep and deep wells, the eccentricity and rotation of drill string and drilling fl uid properties have great effects on the annular pressure drop. This leads to the fact that conventional computational models for predicting circulating pressure drop are inapplicable to hydraulics design of deep wells. With the adoption of helical flow theory and H-B rheological model, a computational model of velocity and pressure drop of non-Newtonian fluid flow in the eccentric annulus was established for the cases where the drill string rotates. The effects of eccentricity, rotation of the drill string and the dimensions of annulus on pressure drop in the annulus were analyzed. Drilling hydraulics was given for an ultra-deep well. The results show that the annular pressure drop decreases with an increase in eccentricity and rotary speed, and increases with a decrease in annular fl ow area. There is a great difference between static mud density and equivalent circulating density during deep well drilling.
Introduction
With further exploration and development of oil and gas, more and more deep and ultra-deep wells are being drilled. Hydraulics design of deep and ultra-deep wells are significantly different from conventional wells due to complicated casing program and slim holes at the lower part of the wells. In the small annulus in a deep well, both eccentricity and rotation of the drill string have great effects on annular pressure drop; and there is a great difference between the drilling fl uid density and equivalent circulating density (ECD). The characteristics of circulating fl uid fl owing in the slim holes of deep wells may cause some diffi culties in optimization of the deep well hydraulics. A number of studies of the flow mechanism of non-Newtonian fluids in slim holes have been made over the years (Delwiche et al, 1992; McCann et al, 1995; Cui and Liu, 1996; Zheng, 1998; Wang et al, 2000; Yao and Samuel, 2008) . However, the models proposed by previous researchers do not take into account the effects of pipe rotation, eccentricity, and the annular dimensions on annular pressure drop simultaneously. Long et al (2005) and Demirdal and Cunha (2007) studied the effects of non-Newtonian fl uids and rheological models on annular pressure drop. Singhal et al (2005) , Chang et al (2007) and Cui et al (2008) studied the effects of eccentricity on annular pressure drop. Marken et al (1992) , Cartalos et al (1996) , He (2005) and Ma (2006) studied the effects of eccentricity and drill string rotation on annular pressure drop by experimental models. No great progress in the effects of drill string rotation on the velocity and pressure fi elds in the narrow annulus has been made.
Helical fl ow characteristics in slim holes

Basic characteristics
Compared with conventional drilling, deep slimhole drilling is characterized by the slim hole and very slim annulus. Therefore, the annular dimensions, and the rotation and eccentricity of the drill string have signifi cant effects on the pressure drop and velocity distribution in the annulus. The computational model of fluid flow and related technology adopted in conventional drilling are not applicable to the cases of deep slimhole drilling. It is critical to develop a pressure drop model and a velocity distribution model for an accurate prediction of drilling fl uids fl owing in the drill string and the slim annulus. Figs. 1 and 2 are the cross-sectional views of the annulus and the drill string, respectively. The inner radius and outer radius of the annulus are R i and R o , and the inner radius of the drill string is R d . The drill string rotates at an angular speed of Ω while the borehole wall or casing wall keeps still. The eccentric distance between the drill string and the annulus is e and ε is the dimensionless eccentricity, . P z is the pressure gradient, Pa/m; η is the apparent viscosity of H-B fl ow, Pa·s; r pi is the internal boundary of the fl ow core in the annulus, m; r po is the external boundary of the fl ow core in the annulus, m; r is the radial coordinate, m; θ is the angle in degrees; Ω is the angular speed of the drill string, rad/s; ρ is the fl uid density, kg/m 3 ; α is the inclination; B and C are integration constants; g is the acceleration of gravity, m/s 2 .
Apparent viscosity distribution in the annulus
The apparent viscosity η(r) of the fl uids at any position in the annulus can be derived from constitutive equations of an H-B fl uid, the axial velocity, and the angular velocity. where n is the liquidity index; K is the consistency coeffi cient; τ 0 the is yield point, Pa.
Annular pressure gradient
Based on the definition of flow rate, the correlation between the fl ow rate and the pressure gradient in the annulus can be deduced by integrating over the whole annular cross section to flow. The pressure gradient P z then can be expressed as follows: 
Velocity distribution in the annulus
Based on the continuity equation and equation of motion when fl uid fl ows in the laminar fl ow regime and the constitutive equation of a Herschel-Bulkley (H-B) fluid, in the polar coordinate system (see Fig. 1 ), the axial velocity u(r) and the angular velocity ω(r) of the drilling fl uid at any position (r, θ) in the annulus can be deduced as follows: where Q is the fl ow rate, m 3 /s; r pi (θ) and r po (θ) are the inner and outer radii of fl ow core at a circumferential angle of θ, m; C(θ) is the integral constant of axial velocity at a random circumferential angle; η(r, θ) is the apparent viscosity of fl ow cross section at a circumferential angle of θ, Pa·s.
Eq. (4) is the model for computing the pressure gradient of the laminar helical flow of H-B fluids in the eccentric annulus.
Velocity distribution inside the drill string 2.5.1 Angular velocity distribution
The angular velocity ω of the helical fl ow of the H-B fl uid inside the drill string is: ) where ω o is the angular velocity at the fl ow core, rad/s; r 0 is the radius of the fl ow core, m.
Axial velocity distribution
The velocity of the axial fl ow inside the drill string is: 
Pressure gradient inside the drill string
Based on the definition of flow rate, the relationship between the flow rate and the pressure gradient inside the drill string can be deduced by integrating over the whole fl ow cross section of the drill string. The pressure gradient P z is as follows:
An initial pressure gradient value is assumed and then the pressure gradient P z can be calculated by iteration.
Annular velocity distribution and factors infl uencing the pressure gradient
In deep slimhole drilling, the distributions of velocity and pressure are different from those in conventional drilling due to the very slim annulus. Therefore, it is very important to study the effects of annular dimensions, drill string rotation and eccentricity on the distributions of annular velocity and pressure.
Basic input data for calculation are as follows: 1) Drilling fl uid properties Drilling fl uid density: 1.34 g/cm 3 ; rheological parameters: 600 =159.5, 300 =100.0, 200 =76, 100 =47.4, 600 =3.6, 3 =2.3.
2) Dimensions of the annulus
Hole size: 124.15 mm; outer diameter of the drill string: 63.50, 82.55, 85.50, and 107.00 mm, respectively.
3) Drilling parameters Flow rate: 25 L/s; rotary speed: 60 and 120 r/min, respectively. Fig. 3(a) and Fig. 3(b) show the annular velocity distributions respectively for the cases of 63.5-mm and 107-mm drill string (inner diameter of the annulus). The hole size is 124.15 mm (outer diameter of the annulus), the dimensionless eccentricity is 0.5 and the rotary speed is 60 r/min. The annular dimension has a great effect on the distributions of axial velocity and angular velocity over all cross sections. The greater the diameter of the drill stem is, i.e. the smaller the annular clearance is, the higher the maximum axial velocity is. Fig. 3(b) and Fig. 3(c) depict the effects of the eccentricity of the drill string on the distributions of axial velocity and angular velocity. The greater the dimensionless eccentricity of the drill string is, the bigger the difference in velocity at the wider clearance and the narrower clearance is. If the drill string is located the center of the wellbore (see Fig. 3(c) ), the axial velocity and angular velocity around drill string change slightly. Fig. 3(b) and Fig. 3(d) show that the rotary speed of the drill string has little effect on the axial velocity, but a great effect on the angular velocity. The higher the rotary speed, the greater the angular velocity is. annular pressure. For drilling deep wells in pressure-sensitive formations, complicated situations such as lost circulation during drilling and well kick during wiper trip should be prevented. As a large hydraulic pressure loss occurs in both the drill pipe and the annulus, optimization of hydraulics parameters should be undertaken when drilling the lower part of deep wells.
Calculation of annular velocity
Conclusions
1) Helical fl ow theory and the H-B rheological model are used to establish a three-dimensional model for predicting velocity distribution in an eccentric annulus. The velocity distribution in the eccentric annulus provides a basis for correct calculation of annular pressure drop.
2) The computational model of pressure drop for nonNewtonian fl uids in the eccentric annulus is established, and the effects of the eccentricity, rotation of the drill string and the annular dimensions on annular pressure drop are analyzed. The annular pressure gradient decreases with an increase in the dimensionless eccentricity, and increases with a decrease in the annular fl ow area.
3) For ultra-deep wells with slim holes, there is a high pressure drop in the annulus and a great difference between the equivalent circulation pressure and the hydrostatic fluid pressure, which brings challenges for safe drilling.
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